The assessment of visuomotor function can provide important information about neurological status. Many tasks exist for testing visuomotor function in the laboratory, but the availability of portable, easy-to-use versions that allow reliable, accurate, and precise measurement of movement timing and accuracy has been limited. We developed a tablet application that uses three laboratory visuomotor tests: the double-step task, interception task, and stop-signal task. We asked the participants to perform both the lab and tablet versions of each task and compared their response patterns across equipment types to assess the validity of the tablet versions. On the double-step task, the participants adjusted to the displaced target adequately in both the lab and tablet versions. On the interception task, the participants intercepted nonaccelerating targets and performed worse on accelerating targets in both versions of the task. On the stop-signal task, the participants successfully inhibited their reaching movements on short stop-signal delays (50-150 ms) more frequently than on long stop-signal delays (200 ms) in both versions of the task. Our findings suggest that the tablet version of each task assesses visuomotor processing in the same way as their respective laboratory version, thus providing the research community with a new tool to assess visuomotor function.
Introduction
Concussions are the most common form of brain injuries, with prevalence reports of approximately 110 people per 100,000 in Canada. [1] [2] [3] Several methods are typically used to assess concussion including self-report symptom checklists and neuropsychological testing. Checklists offer a quick and relatively comprehensive survey of unresolved symptoms but are susceptible to underreporting of symptoms. 4, 5 Neuropsychological assessment offers a more objective and in-depth evaluation of memory, attention, and processing speed 6, 7 and may be repeated to determine when patients have returned to normal levels of function. 5, 7, 8 One neurological process that can be affected by concussion is visuomotor control, usually assessed by analyzing the speed, accuracy, and adaptability of visually guided upper-limb movements. Heitger et al. 9 asked concussed patients and age-matched controls to undergo a battery of neuropsychological and visuomotor tests. The neuropsychological battery focused on assessment of attention, memory, processing speed, and executive performance, and the visuomotor tests focused on oculomotor assessment (reflexive saccades, anti-saccades, memory-guided saccades, and smoothpursuit) and assessment of upper-limb movement speed and stability during target-tracking tasks. In the oculomotor domain, concussed participants showed higher saccadic reaction times (RT), decreased saccadic accuracy, and more directional errors compared to healthy controls. Upper-limb assessment revealed that concussed participants had lower peak speeds than healthy controls, which resulted in significantly longer lag times on tracking tasks. By contrast, neuropsychological test performance did not differ between the two groups, suggesting that visuomotor assessment may be more sensitive to concussion than traditional cognition-focused neuropsychological assessment.
Heitger et al. 10 extended this finding by using both neuropsychological and visuomotor assessments to examine recovery from concussion one week, three months, six months, and one year post-injury. They found that neuropsychological assessment detected differences between concussed patients and sex-and agematched controls reliably at one week post-injury but did not detect differences between groups at later time points (with the exception of performance on a test of verbal memory). By contrast, visuomotor assessment revealed differences between groups on tests of both oculomotor and upper-limb performance at the early time points and up to six months post-injury. Together, the Heitger et al. 9 ,10 studies demonstrate that concussion negatively influences the visuomotor system and that deficits in oculomotor and visuomotor domains take longer to resolve than other neuropsychological deficits. Indeed, visuomotor assessments may be more sensitive to concussions than other components of neuropsychological testing and may be used to track recovery over the weeks following an injury.
Given the importance of visuomotor assessment when determining concussion recovery, we recognized the need for valid and easy-to-use portable versions of common visuomotor tasks for assessment purposes. The portable versions of these tasks must provide reliable, accurate, and precise measurement of movement timing and accuracy. Our proposed battery focuses on three ubiquitous visuomotor tasks-the double-step task, the interception task, and the stop-signal taskchosen because they measure visual, cognitive, and motor processes that are crucial to the performance of any activity that requires the coordination of one person's (player's) movements with those of other people (both teammates and opponents). Another key feature of the chosen tests is that they have been used to assess visuomotor dysfunction after brain insult. The double-step task 11, 12 measures the ability of the visuomotor system to track the location of the hand relative to a visual target and to use that information to adjust ongoing movements to an unexpected change in target location. This online spatial updating depends critically on the posterior parietal cortex (PPC) as patients with lesions to the PPC fail to adapt to unpredictable changes in target position, [13] [14] [15] and healthy participants fail to adapt to a perturbation of target location when online single-pulse transcranial magnetic stimulation (TMS) is applied to the PPC. 16 Successful interception of a moving target depends on the participants' ability to use target motion information to predict the target's future position so that they can time their movement to hit the target. 17, 18 Performance on this task is dependent on brain regions, such as the middle temporal area (MT, also known as V5), that are specifically tuned for detecting target motion, target speed, and direction of motion. 19, 20 Patients with lesions that include MT perform poorly when asked to intercept moving targets, 21, 22 and when TMS is applied to MT in healthy participants, they are unable to accurately time their interceptive movements. 23 Finally, the stop-signal task measures how well and how quickly participants can interrupt a planned and signaled response. 24 Participants are presented with a simplechoice RT task but are also instructed that on some trials (50%), the presentation of a subsequent tone indicates that they need to interrupt and withhold the response. The medial prefrontal cortex and frontal gyrus are two cortical areas involved in the execution of the stop-signal task. 25, 26 Patients with lesions in these areas cannot inhibit their responses as well as healthy controls. 27 Visuomotor assessment with these three tasks is typically conducted in laboratory facilities using nonportable equipment that is not commonly available in clinical settings. The goal of the current study was to create such a test battery on a tablet and to determine the validity of the tablet version by comparing patterns of test performance on the tablet to that on laboratory versions. A common paradigm for evaluating motor learning-the visuomotor rotation paradigm-was successfully implemented in a tablet application (PoMLab 28 ), providing evidence that our goal is reasonable. If these patterns are similar across equipment type, the validity of the tablet-battery tasks will be supported. A reliable, easy-to-use, portable, and standardized version of common visuomotor tasks may aid in the clinical assessment of visuomotor performance. While our current focus is on developing a tablet-battery for assessing and monitoring recovery, it is possible that these tests could be used at earlier stages of assessment (in the sporting arena) and/or used in an assessment or rehabilitation training capacity by patients who are recovering at home. 28, 29 Our tablet tasks were coded in Xcode (https://developer.apple.com/xcode/), and the code for each of the tasks can be downloaded here: https:// github.com/lianabro/TabletTasks.
Task 1: The double-step task
This task requires participants to reach for targets that vary in distance (but not direction) from a fixed start location. On the majority of trials, participants simply need to reach for the target quickly and accurately to successfully complete each trial. On a proportion of trials (25% here), the target moves a short time after it is presented to a position that is slightly beyond or slightly short of the original target. The "target jump" is timed to coincide with the onset of the movement to the initial target. Measures of movement accuracy and movement speed capture how well participants are able to adjust their movement to this perturbation. Past research shows that participants typically adjust to the perturbation seamlessly such that there are no consequences for movement accuracy or time. 11, 12, 30 Methods Participants. Sixty-seven healthy undergraduate students were recruited from Trent University with 32 participants (19.9 AE 3.19 years, 91% female) completing the laboratory version of the task and 35 participants (25.1 AE 9.8 years, 83% female) completing the tablet version. All participants were compensated monetarily or by receiving bonus grades.
The Dutch Handedness Questionnaire 31 was used to assess handedness so that the dominant hand was used during the task. Of the 32 participants who completed the laboratory version, 28 (88%) used their right hand during the task, and four (12%) used their left hand. Of the 35 participants who completed the double-step task on the tablet, 33 participants (94%) used their right hand, and two participants (6%) used their left hand.
Part of the intake package asked the participants to report if they had ever experienced an epileptic seizure, a stroke, a head injury, or if they had any visual disorders. Eight participants stated that they had received at least one form of head injury in their life; however, all participants except two had received these head injuries greater than three years previously. None of the participants who had injuries reported lingering complaints, and all had recovered from any associated symptoms, at the very least, several months previously. All participants reported having either normal or corrected-to-normal vision. The Trent University Research Ethics Board approved all procedures, and each participant gave written informed consent before participation.
Apparatus. The participants were tested on one of two versions of the double-step task: the laboratory-based version or the tablet version. For the lab-based version, each participant entered a dimly lit room and was seated in a chair adjusted in height so that they were able to sit comfortably at the testing table. Figure 1(a) shows a schematic side view of the testing table, which consisted of a three-layer visual display system. A projector (Sharp PG-LX2000, Sharp Electronics of Canada Ltd., Mississauga, ON) hung from the ceiling of the testing room above a white cloth screen, a oneway mirror, and a platform that was the working surface of the experiment where participants kept their hands. The cloth screen was 170 cm below the projector and reflected the light that was projected downward, allowing the image of the display to be presented on the one-way mirror (27.5 cm below the cloth screen). This arrangement allowed the participants to see the projected display (60.5 cm Â 47.5 cm) of the double-step task on the surface of the one-way mirror but not to have vision of their hands underneath the mirror on the working surface. Attached to the middle of the oneway mirror was a chin rest so that the participants could view the entire surface of the mirror when sitting down. Because the one-way mirror was set above the working surface where the participants kept their hands (27.5 cm), vision of the hands was restricted. In fact, the only visual feedback the participants had while completing this task occurred between trials when a red dot appeared on screen that coincided with where their index finger landed after the reaching movement was completed.
The working surface that the participants made their reaching movements on was a 183 cm Â 107 cm glass plate 85 cm from the floor. A motion tracker (Polhemus LIBERTY 240/8, Polhemus Inc., Colchester, VT) was attached to the index finger of the participants' dominant hand to track their reaching movements through space over time. The single marker was attached to the index finger of the dominant hand with tape and secured to the rest of the arm to avoid extraneous movement. The motion tracking data were collected at a sampling frequency of 100 Hz via the ProkLiberty toolbox for MATLAB (http://www.proko penko.org/liberty.html) and saved on a computer for offline analysis.
The participants completed the double-step task tablet version on tablet (iPad 2, Apple Inc., Cupertino, CA) in the same quiet and dimly lit room as the one used for the laboratory version. The screen display on the tablet (19.3 cm Â 14.7 cm) was smaller than that of the laboratory version, and the participants could see their hand movements. Further, the double-step task on the tablet utilized a touch screen so a motion tracker was not used with this equipment type. We limited additional laboratory equipment to duplicate how the tablet application would be used portably outside of the laboratory.
Task. The displayed images presented on the laboratory version were the same as those presented on the tablet version. The experiment began with the screen displaying a gray/black random-pixel noise background with a red dot that indicated the starting location for the participants to place their index finger (Figure 1(b) ). The trial could not begin unless the participant had placed and held their index finger of their dominant hand on the starting dot. After a pseudo-randomized amount of time from 500 ms to 2 s, the red starting dot disappeared, and a gray target appeared on the screen above where the starting dot was at one of three initial target locations. For the laboratory version of the double-step task, initial target 1 was 23 cm from the starting location, with each of the other two initial locations 3 cm further up the screen. On the tablet version, initial target 1 was 11 cm from the starting location, with each target 2 cm further up the screen. The difference of distances between the two apparatus types occurred due to the difference of display size.
There were five possible final locations of the targets. On jump-absent trials, the final location would be the same as the initial location, as the target would not move. On jump trials, the final location would be a position either one target above or one target below the initial target. The jump trials were randomly interspersed throughout the jump-absent trials, and the participants were not informed that the experimental blocks would contain jump trials. All displays for the laboratory task were created in MATLAB (MathWorks, Natick, MA) using the Psychophysics Design. We used a two-equipment (laboratory version, tablet version) Â three-target (final target location) Â two-jump-presence (jump, jump-absent) mixed design. Jump presence and final target location were the within-subject independent variables, and equipment type was the between-subject independent variable. The task was presented in five blocks, with the participants initially completing a practice block of 24 jump-absent trials, which was used to help acquaint the participants with the remaining four experimental blocks. After the practice block was concluded, the participants completed the remaining four experimental blocks that consisted of 48 trials each (36 jumpabsent trials and 12 trials jump trials). During each jump-absent trial, the participants made 12 reaches to each of the three middle-target locations. On jump trials, the target appeared at one of the three middletarget locations initially (four times to each location) and then jumped to the final location (twice to the target above and twice to the target below) from each initial target location. All jump conditions were interspersed randomly throughout each experimental block.
The jump trials occurred 250 ms after the initial target appeared on screen. This stimulus-onset asynchrony (SOA) was determined from a pilot study in which 20 participants were tested with one of four different SOA times: 175 ms, 200 ms, 225 ms, and 250 ms. We recorded how many jumps each participant perceived in each block to find an ideal SOA where the participants perceived the fewest jumps (as was described in Pe´lisson et al. 12 ). The participants perceived the fewest number of jumps during trials with a SOA of 250 ms, so this SOA was used during experimental testing and data collection on both task versions.
Procedures. The participants entered the testing room and were positioned at the respective apparatus. For the laboratory version, the participants were situated in a chair such that their head fit into a chin and forehead rest, and they were able to make reaching movements to the far end of the projected display on the table with ease. The participants were then instructed verbally how to complete the task, with the same instructions for each equipment type. The participants who completed the lab-based version of the experiment began by completing a calibration to ensure that the motion tracker was measuring the participant's movements correctly. During the calibration, the participants could view their hand and reaching movements by means of an illuminated lamp beneath the mirror.
Once calibration was completed, the practice and experimental blocks commenced, and the lamp remained off for the remainder of the experiment.
After calibration, the participants completed the practice block followed by the experimental blocks. They were instructed to complete reaching movements toward the target as quickly as possible. Upon trial completion, the curser and start location reappeared on screen, and the participants were instructed to return the curser to the starting location and proceed with the remainder of the trials. The short duration between the disappearance of the target and the reappearance of the fingertip cursor may have provided the participants with feedback about how closely they stopped to the target.
The participants who completed the experiment on the tablet were given the same instructions and completed the double-step task with the same experimental process as the participants who completed the task on the laboratory equipment. The only procedural difference was that the participants sat at a wooden table with the tablet placed on top and had continuous visual feedback of their hands at all times. After completion of the experiment, all of the participants were debriefed and given information of the study.
Data analysis. Data processing for the double-step task used both MATLAB software (MathWorks, Natick, MA) and SPSS (Version 20, SPSS Inc.). All trials conducted with the motion tracker in the laboratory group were processed using MATLAB to determine the beginning and end of the pointing movement, chosen automatically based on hand velocity profile. If the automatic process failed to locate the beginning and end of movement, then the start and end were chosen manually.
Movement accuracy was assessed by measuring the distance between the participants' finger location at movement end and the final target location in depth (depth error). A positive value if their finger landed beyond the target and a negative error if it landed short of the target. Absolute error values were used for the analysis of movement accuracy; it was more important to determine distance from the target rather than the direction of error. Movement accuracy was assessed using the motion tracker for the laboratory version and with the touch screen on the tablet. Movement time was defined as the duration between movement initiation and movement end. On the tablet, movement time was calculated as the duration between the point in time that the participants' finger left the start location and the time it touched back down. All values of this variable were measured in milliseconds.
Movement accuracy and movement time were the main variables analyzed for the double-step task. The accuracy data were trimmed such that trials with an error greater than four standard deviations above the group means were removed. In total, this resulted in approximately 1% of all trials being omitted from the analysis. These two variables were submitted to a twoequipment (laboratory version, tablet version) by threetarget (final target location) by two-jump-presence (jump, jump-absent) mixed analyses of variance (ANOVAs). The source of main effects was determined by conducting pairwise (least significant difference) comparisons of the group means. Interactions were decomposed by conducting simple main effects analyses and pairwise comparisons.
Results
The analysis focused on the participants' ability to adjust to the presence of the jump and on jump direction. The laboratory version was presented on a larger surface than the tablet version, and we compensated for this difference by scaling response measurements on jump trials to the responses made on jump-absent trials. Consequently, measurements of error and movement time on jump trials were calculated as a percentage of mean absolute error and mean movement time, respectively, incurred on jump-absent trials within each participant for each equipment type. First, we determined if measures on jump trials were greater (greater error, increased movement time) from those on jumpabsent trials using one-sample, one-tailed t-tests against a perfect 100%. Then, both measures were submitted to an equipment type (lab, tablet) by jump direction (forward, backward) mixed ANOVA.
Movement accuracy: Absolute error in depth. T-tests revealed that the requirement to adjust to the jump perturbation resulted in greater error on jump-present than jump-absent trials for both the lab version (107.5 AE 4.0%), t(30) ¼ 2.11, p ¼ .022, and the tablet version (117.4 AE 3.7%), t(34) ¼ 4.27, p < .001. The ANOVA, however, revealed no significant difference between equipment types, F(1, 64) ¼ 3.26, p ¼ .076 (Figure 2(a) ). The proportion of error incurred on the tablet version was not significantly greater than that measured on the lab version. The ANOVA also revealed that the effect of jump direction was not statistically significant, F(1, 64) ¼ 2.54, p ¼ .116. The proportion of error incurred on jump trials that required an adjustment backward from the original target (115.9 AE 3.9%) was not significantly greater than that on jumps that required an adjustment forward (109.0 AE 2.9%). Finally, there was no equipment by jump direction interaction, F(1, 64) ¼ .46, p > .502, suggesting that the adjustments made in response to target jump perturbations did not depend on equipment type.
Movement time. T-tests revealed that while there was no significant movement time adjustment made in response to target jump perturbation for the lab version (100.1 AE .8%), t(30) ¼ 0.19, p ¼ .604, movement times were significantly lengthened on jump trials on the tablet version (105.0 AE .8%), t(34) ¼ 5.61, p < .001. The ANOVA also revealed a significant difference between equipment types, F(1, 64) ¼ 19.51, p < .001 (Figure 2(b) ). The adjustment to movement time experienced on the tablet version was significantly greater than on the lab version. The ANOVA also revealed that the effect of jump direction was statistically significant, F(1, 64) ¼ 578.89, p < .001, such that jump trials that required an adjustment forward lengthened movement time (111.6 AE .5%), whereas backward adjustments shortened movement time (93.5 AE .8%). Despite these differences, there was no equipment by jump direction interaction, F(1, 64) ¼ 1.48, p > .228, suggesting that the adjustments made in response to target jump perturbations did not depend on equipment type.
Task 2: The interception task
The interception task measures how well people can perceive target visual acceleration and velocity, and how well people can use that information to (1) predict the future motion of the target as it approaches a target zone and (2) plan and execute a movement that will terminate at the time and location of the target zone. 17, 18, 34 This task has been shown to be sensitive to disturbances in brain function. 23, 35 We developed a tablet application of the interception task for use in our battery of visuomotor tasks.
The participants' percentage of correctly intercepted targets and temporal error (whether the person's hand arrived in the interception zone earlier or later than the target) was measured. It was predicted that the participants would find accelerating targets particularly difficult 17, 18, 34, 36 and that interception success and timing would improve as targets moved more slowly. It was also predicted that this pattern of responding would be preserved across equipment types.
Methods
Participants. Thirty-five healthy undergraduate students (24.5 AE 5.9 years, 69% female) were recruited from Trent University. The Trent University Research Ethics Board approved all procedures, and each participant gave written informed consent before participation. All were compensated monetarily or by receiving bonus grades. The Dutch Handedness Questionnaire 31 revealed that 29 participants (83%) were right-hand dominant, and six participants (17%) were left-handed. All the participants reported having either normal or corrected-to-normal vision and hearing. Six participants stated that they had suffered at least one head injury in their life; however, all but one had been injured more than three years prior. None had lingering complaints and all reported a full recovery.
Apparatus. For the laboratory-based version, the participant was seated at the same apparatus as described above for the double-step task (Figure 1(a) ). The projected display used for this task was a black background measuring 88 cm laterally and 67 cm in depth. The participants could not see their hands but received feedback about fingertip location from a display cursor driven by data collected from a motion-tracking marker attached to the fingertip of the dominant hand. The motion tracking data were collected at a sampling frequency of 100 Hz via the ProkLiberty toolbox for MATLAB and saved on a computer for offline analysis.
The lab version of the task was programmed in MATLAB using the Psychophysics Toolbox 32,33 version 3.0.8. Each trial began with the display of a blue square that indicated the starting location was positioned on the bottom right side of the screen; the trial did not proceed until participants moved the fingertip cursor into this start location. White crosshairs appeared above the start location and defined the interception zone. The interception target (a green oval) appeared 49 cm to the left side of the interception zone and then moved from left to right across the screen.
The tablet version was programmed with Xcode (https://developer.apple.com/xcode/). The participants completed the iPad tablet version in the same quiet, dimly lit room as was used for the laboratory version. The participants sat comfortably with the tablet placed in front of them on the table. The screen display on the tablet was 19.3 cm Â 14.7 cm, and the interception target was a goldfish that appeared 18 cm to the left of the interception zone. Participants had full view of their reaching hand for the duration of the task (see Figure 3 ).
Design. We used a two-equipment (laboratory version, tablet version) by three-velocity (slow, medium, and fast) by two-acceleration (acceleration, no acceleration) within-subject design. Each participant completed the task on both equipment types. Equipment type order was counterbalanced. On the lab version, the levels of target velocity were 20 cm/s, 30 cm/s, and 40 cm/s, and on the tablet, the levels of target velocity were 13.5 cm/s, 21.4 cm/s, and 26.5 cm/s. Target viewing time was equalized to control for differences in screen size (see Table 1 ). As such, the participants viewed the targets for the same amount of time, and thus had the same amount of time to intercept it, for each equipment type. Both versions of the task had six blocks of 60 trials such that each combination of velocity and acceleration was repeated 60 times. The participants received feedback between each trial, which informed them if they had hit or missed the target.
Procedures. The participants entered the testing room and were positioned at the apparatus to which they had first been assigned. Each participant was instructed both verbally and in writing on how to complete each task, with identical instructions for both apparati. The participants were instructed to time their movement to the interception zone so that they hit the target on as many trials as they could. For each equipment type, they began by completing a practice block of 18 randomized trials to acquaint them with the task. The data from these trials were discarded. After completing testing on the initial apparatus, the participants were moved to the other side of the room where the second apparatus was set up. Upon completion of both equipment types, the participant was debriefed by the experimenter and was given pertinent study information and experimenter contact information.
Data analysis. Data processing for the interception task used both MATLAB software and SPSS. All data collected for the laboratory task were processed using MATLAB to determine whether the participant hit or missed the target and movement time error. On the tablet, the touch screen allowed measurement of the same variables.
A hit was coded as any trial on which the fingertip and any part of the target were in the interception zone at the same time. Movement time error was the difference between the time of the target's arrival and the time of the finger's arrival in the interception zone, with early reaches coded as a negative and late reaches coded as positive. Movement time error was only calculated on trials in which the participant missed the target. Before these analyses were conducted, the data within each equipment type were trimmed based on participants' timing error such that trials with an error greater than four standard deviations above the group mean were removed (1% of the data set). These variables were submitted to a two-order (laboratory first, tablet first) Â two-equipment (laboratory, tablet) Â three-velocity (slow, medium, and fast) Â two-acceleration (acceleration, no acceleration) mixed ANOVA. The source of the main effects was determined by conducting planned pairwise (least significant difference) comparisons of means. Interactions were decomposed by conducting simple main effects analyses and then pairwise comparisons.
Results
Movement accuracy: Percentage of targets hit. The ANOVA revealed a main effect of equipment, F(1, 34) ¼ 5.34, p < .05, indicating that the participants successfully intercepted more targets on the laboratory version of the task (M ¼ 68% AE 2.7%) than on the tablet version (M ¼ 62% AE 2.7%; Figure 4) .
The ANOVA also revealed a main effect of acceleration, F(1, 34) ¼ 316.50, p < .001; nonaccelerating targets (M ¼ 78% AE 2.0%) were hit more frequently than accelerating targets (M ¼ 52% AE 2.7%). A significant interaction of equipment, acceleration, and order was also observed, F(1,34) ¼ 5.93, p ¼ .021. Simple main effect analysis revealed an equipment difference on acceleration trials, F(1, 34) ¼ 18.66, p < .001, such that the participants intercepted more accelerating targets on the lab version (M ¼ 59% AE 3.1%) than on the tablet (M ¼ 45% AE 3.2%) and that this difference was bigger (but in the same direction) for people who performed the iPad task first. There was no difference between the lab (M ¼ 77% AE 2.7%) and tablet (M ¼ 79% AE 2.4%) on nonaccelerating trials, F(1,
Finally, the ANOVA revealed a significant main effect of velocity, F(2, 68) ¼ 215.20, p < .001, with interception rate decreasing significantly with each step increase in target velocity (slow: 80% AE 1.9%, medium: 71% AE 2.4%, and fast: 44% AE 3.0%). There was also a significant interaction of acceleration and velocity, F(2, 68) ¼ 15.48, p < .001. Simple main effect analysis revealed that the decline in success with increased velocity was steeper for accelerating trials (slow: 71% AE 2.9%, medium: 60% AE 3.3%, fast: 25% AE 2.7%) than on nonaccelerating trials (slow: 89% AE 1.7%, medium: 82% AE 2.1%, fast: 63% AE 3.7%). The interaction of equipment and velocity was not statistically significant, F(2, 68) ¼ .62, p ¼ .54, nor was the three-way interaction of equipment, acceleration, and velocity, F(2, 68) ¼ .12, p ¼ .89.
Movement time error.
The two-equipment Â threevelocity Â two-acceleration ANOVA revealed a significant main effect of equipment, F(1, 34) ¼ 79.41, p < .001, such that, on average, participants responded to the target 52 ms AE 6.39 ms late on the tablet version of the task, and 9 ms AE 6.01 ms early on the laboratory version. This effect of equipment interacted with order, F(1, 34) ¼ 7.49, p ¼ .01, such that this difference between the lab and tablet versions was 33 ms larger (but in the same direction) when participants completed the tablet version first. The ANOVA also revealed a significant main effect of velocity, F(2, 68) ¼ 265.10, Figure 4 . Percentage of correct interception responses on slow, medium, and fast trials, as well as acceleration and non-acceleration trials. Both the laboratory equipment and the tablet data are shown. All comparisons between equipment, acceleration, and velocity are significant (p < .05).
p < .001, such that the participants were more likely to be late when targets were moving at faster speeds (slow: 74 ms AE 5.21 ms, medium: 15 ms AE 5.69 ms, fast: -24 ms AE 6.24 ms).
While the equipment Â acceleration did not reach significance, F(1, 34) ¼ 4.00, p ¼ .054, the equipment Â velocity interaction was statistically significant, F(2, 68) ¼ 14.47, p < .001. Simple main effects analysis revealed a significant effect of velocity on both the laboratory version of the task, F(2, 68) ¼ 163.44, p < .001, and the tablet version, F(2, 68) ¼ 190.92, p < .001. The differences between velocity levels were smaller on the tablet (26 ms between slow and medium and 57 ms between medium and fast) than on the laboratory version (54 ms between slow and medium and 60 ms between medium and fast; see Figure 5 ). A equipment Â velocity Â order interaction, F(2, 68) ¼ 7.21, p < .01, revealed that this difference was more pronounced (but in the same direction) when participants completed the tablet task first.
The ANOVA also revealed a main effect of acceleration, F(1, 34) ¼ 795.57, p < .001. The participants were 14 ms AE 5.42 ms early on nonaccelerating targets and 58 ms AE 5.22 late on accelerating targets. A significant interaction of acceleration Â velocity, F(2, 68) ¼ 51.41, p < .001, was also present. The participants' timing became increasingly late as velocity increased with the interaction driven by the finding that differences between velocity levels were smaller on accelerating trials (24 ms between slow and medium and 44 ms between medium and fast) than on nonaccelerating trials (56 ms between slow and medium and 73 between medium and fast).
Finally, this analysis revealed a significant three-way interaction of equipment, acceleration, and velocity, F(2, 68) ¼ 7.31, p < .01 ( Figure 5 ). Decomposition of the three-way interaction revealed that the participants were the most late on targets that were both accelerating and moving at the fastest speed. This pattern was observed on both equipment types with the participants averaging responses that are were 68 ms AE 5.49 ms late on fast accelerating targets on the laboratory version and were 123 ms AE 5.93 ms late on the tablet version. Thus, while the overall pattern of responding is similar across equipment types with regard to target velocity and acceleration, the effect of the fastest velocity and the presence of acceleration seemed heightened on the tablet.
We conducted a correlation analysis to determine the degree to which performance on the tablet accounted for performance on the lab version, an analysis made possible by the within-subject design employed here. The Pearson correlation coefficients are shown in Table 2 and indicate that, especially when acceleration is present and the task is most demanding, the participants' performance on the tablet is significantly correlated to their performance on the lab version.
Task 3: The stop-signal task
The stop-signal task measures participants' ability to interrupt simple, planned movements in response to an unpredictable stop signal. 24 Previous research suggests a possible correlation between head injuries and deficits in inhibitory control. [37] [38] [39] [40] Indeed, people who suffer from deficits in inhibitory control may be in danger of further injury if they are unable to adjust their responses quickly and reliably to unpredictable stimuli. To measure this capacity, we developed a Figure 5 . Mean time error for all speed and acceleration conditions of the interception task for both the laboratory equipment and the tablet. All comparisons between equipment, acceleration, and velocity are statistically significant (p < .05).
tablet application of the stop-signal task for use in our battery of visuomotor tasks.
The participant's primary task was to make a fast response to the left or right in response to the visual presentation of a blue or green target circle, respectively. On 50% of trials, however, the participants heard an auditory tone (the stop signal) that indicated the need to cancel their response. The relative timing of the stopsignal tone was varied such that the duration between the go signal (visual target) and the stop signal (stop signal), the SOA, was set at 50, 100, 150, and 200 ms. It was predicted that the number of response errors (failures to inhibit the response) would increase with SOA because movements become more difficult to interrupt as execution becomes more likely. 24 We compared the pattern of response errors observed on the tablet to the pattern observed on a lab computer.
Methods
Participants. Forty-five healthy undergraduate students (20.8 AE 7.8 years (range: 17-59 years), 76% female) were recruited from Trent University. The Trent University Research Ethics Board approved all procedures, and each participant gave written informed consent before participation. All were compensated monetarily or by receiving bonus grades. The Dutch Handedness Questionnaire 31 revealed that all but two participants were right-hand dominant. All participants reported having either normal or corrected-tonormal vision and hearing. Two participants who had suffered from head trauma within the past year were excluded from the study. All other participants who had received an injury previously reported no lingering complaints and a recovery from all associated symptoms.
Apparatus. The participants completed the tablet version of the task on the same tablet (iPad 2, Apple Inc., Cupertino, CA) described previously. The tablet task was programmed with Xcode (https://developer. apple.com/xcode/). The laboratory version was conducted using a PC computer (Bolen Systems, London, ON, Canada) and was programmed in MATLAB using the Psychophysics Toolbox 32,33 version 3.0.8. The displays appeared on an upright LCD screen (45.7 cm, 1280 Â 1024 pixels), and participants provided their responses by pressing keys on a standard USB keyboard.
Task. Each participant was tested on both the tablet and the laboratory version of the task. Task order was counterbalanced across participants with 23 participants beginning with the laboratory task and 22 beginning with the tablet task. At the beginning of each trial on the laboratory version, a fixation cross was presented in the center of the computer screen and was replaced by either a blue or a green circular target after a variable foreperiod (1.5-2.5 s). The target remained on screen for 2 s. On go trials (50% of trials), the participants responded to the presentation of a blue or green target by pressing the "1" key or the "3" key with their second or fourth digit, respectively. On stop trials, a 900-Hz tone, 50 ms in duration, was emitted from the portable computer speakers after one of four delays (50, 100, 150, or 200 ms) relative to the initial presentation of the target. On stop trials, the participants' task was to withhold their response (do nothing).
On the tablet, the participants were first presented with a red circle at the bottom of the screen that acted as the starting point. The participants touched the start circle, and after a variable foreperiod, a blue or green circle would appear at the top center of the screen. On go trials (50% of trials), the participants responded to the presentation of a blue or green target by tapping the left or right side of the screen, respectively. On stop trials, a tone was emitted from the tablet speakers at one of four delays (50, 100, 150, or 200 ms) relative to the initial presentation of the visual target. On stop trials, the participants task was to withhold their response (do nothing) by keeping their finger in contact with the red dot.
Design. We used a two-equipment (laboratory version, tablet version) by two-response side (left, right) by twotrial type (go trial, stop trial) design. Target side, trial type, and equipment were all within-subject independent variables. The fourth factor of the design, stopsignal delay, was nested within the stop-trial type. Stop-signal delay had four levels consisting of 50, 100, 150, or 200 ms. Both versions of the task had six experimental blocks with 48 trials in each block. The dependent variable for go trials was RT (in milliseconds), and the dependent variable for stop trials was the percentage of trials on which participants successfully withheld their response.
Procedures. The participants entered the testing room and were positioned at the apparatus to which they had been first assigned. Each participant was instructed both verbally and in writing on how to complete each task, with identical instructions for both apparati. The participants were instructed to respond to each trial as quickly and as accurately as possible but to interrupt and prevent the button-press response when they heard the stop tone. Feedback regarding speed and accuracy was given after every block of trials. The participants completed a practice block of 18 trials on each equipment type to acquaint them with the task before continuing to the experimental blocks. Upon completion of both equipment types, the participants immediately moved to complete the task on the other equipment type. The participants were debriefed at the end of the study.
Data analysis. Data processing for this task used both MATLAB software (MathWorks, Natick, MA), the output from the tablet, and SPSS (Version 20, SPSS Inc.). RT (measured in milliseconds) was trimmed to exclude values less than 100 ms and greater than 1500 ms (0.7% of the data removed). RT from go trials was collapsed across target side and submitted to a two-equipment (lab, tablet) repeated measures ANOVA. The percentage of correct withholding on stop trials was collapsed across response choice and submitted to a two-order (lab first, tablet first) by two-equipment (lab, tablet) by four-SOA (50, 100, 150, and 200 ms) repeated measures ANOVA. The source of main effects was determined using planned comparisons (pairwise comparisons), and interactions were decomposed using simple main effects analyses.
Results
On go trials, the participants were faster to respond on the lab equipment (M ¼ 635 ms; SD ¼ 2 ms) than on the tablet (M ¼ 745 ms; SD ¼ 2 ms), F(1, 43) ¼ 139.87, p < .001. We also analyzed RT when failing to inhibit responses on stop trials and found no significant effect of equipment type, F(1, 94) ¼ 1.24, p > .05. The timing of the participants' failure to inhibit did not depend on equipment type: computer (M ¼ 614 ms; SE ¼ 20 ms) and tablet (M ¼ 676 ms; SE ¼ 16 ms).
We calculated the percentage of stop trials on which the participants were able to successfully interrupt their responses as a function of equipment type and SOA. Our analysis revealed no effect of equipment type, F(1, 43) ¼ 2.25, p > .05. The participant's percentage of successful inhibition on the computer (M ¼ 95%; SE ¼ 1%) was not different from the tablet (M ¼ 97%; SE ¼ 1%).
We did find, however, the expected relationship between successful inhibition and SOA on stop trials: inhibition was significantly less successful as SOA increased, F(3, 129) ¼ 36.77, p < .05. The participants successfully inhibited more often when the SOA was 50 ms (M ¼ 97%; SE ¼ 1%) compared to when the SOA was 150 ms (M ¼ 96%; SE ¼ 1%) and 200 ms (M ¼ 92%; SE ¼ 1%). The participants were less able to correctly inhibit their actions as SOA increased, which agrees with the findings of others. 41 This effect also interacted with order, F(3, 126) ¼ 3.28, p ¼ .023, such that the effect was stronger when participants performed the lab version first.
We also found a significant interaction between equipment type and SOA, F(3, 129) ¼ 2.89, p < .05 (see Figure 6 ). The general pattern of performance on the two pieces of equipment was the same across SOAs with the exception of SOA of 200 ms. At an SOA of 200 ms, the participants successfully inhibited their actions more often on the tablet (M ¼ 93%; SE ¼ 1%) than on the computer (M ¼ 90%; SE ¼ 1%), p ¼ .042. Importantly, this effect did not interact with the order in which participants experienced the task (p ¼ .544).
We conducted a correlation analysis to determine the degree to which performance on the tablet accounted for performance on the lab version. The overall Pearson correlation coefficient between the participants' error rates on stop trials on the tablet and on the lab version was significant, r ¼ .360, p ¼ .001. As with the interception task, correlation coefficients shown in Table 3 indicate that in the condition in which the task is most demanding (SOA ¼ 200 ms), the participants' performance on the tablet is significantly correlated to their performance on the lab version.
General discussion
The assessment of visuomotor function can provide important information about neurological status, but the availability of tests that combine accessibility and portability with spatial and temporal accuracy and precision has been limited. The success of the PoMLab, 28 a tablet-based visuomotor rotation learning application, demonstrated that at least some of the potential issues associated with shifting performance measurement to a tablet (like the smaller work-surface area and lack of control over the participants view of their limb) are reasonably surmountable problems. The goal for this project was to develop an assessment tool that can effectively measure aspects of visual processing and movement essential to healthy, active visuomotor performance. 16, 23, 42 The double-step task 11, 12 measures the ability of the visuomotor system to track hand location relative to a visual target during reaching and to make movement adjustments in response to unexpected changes in target location. Interception of a moving target depends on the participants' ability to predict target motion so that they can time their movement to hit the target. 18 The stop-signal task measures how much time people need to interrupt preplanned movements in response to an unpredictable need to stop. 24 We reasoned that if the pattern of performance observed on lab versions of these tasks was also observed on the portable tablet platform, this would constitute a first step at validating the use of this portable battery in the assessment of visuomotor performance. On all three tasks, the pattern of responding observed in the lab (and in others' labs) was preserved on the tablet versions of the tasks, suggesting that the tablet version assesses visuomotor processing in the expected manner.
The double-step task
The double-step task has been used in the past to assess how well one can update their movements toward a target that has been displaced shortly after movement onset (during the saccade to the target). 11, 12, 43 Studies of healthy participants show that people continuously assess the trajectory of their hand while it is moving toward a target and adjust their hand movement midflight in a smooth and reliable manner to reach for a target that has unexpectedly jumped from its initial location. The ability to update hand movements in response to visual perturbations is observed even when participants are not able to view their hand during the movement. 12 When measuring movement accuracy, it was observed that target perturbations significantly increased movement error on both versions of the task and significantly increased movement time, relative to jump-absent trials, on the tablet. Although the original studies indicated no cost associated with adjusting to the target perturbation without vision of the limb is absent, 11, 12 other studies are consistent with our findings of a small but significant increase in either error or movement time (see Gaveau et al., 44 for a review). As was observed here, the performance time cost is especially associated with perturbations that demand movements be extended over greater distances. Interestingly, perturbations that demand movements of shorter distance, or even movement rehearsals, as in the case of perturbations that see the target jump back toward the start location, were associated with relatively shorter movement times, a good indication of early adjustment to the change.
The additional time needed to adjust to perturbations on the tablet may be because the participants could see their hand on the tablet version but could not see their hand on the lab version. When the participants have full vision of their hands during reaching, they make corrective saccades from the hand to the target to ensure an accuracy. [45] [46] [47] [48] [49] It is possible that the participants were engaging in more of these behaviors on the tablet version than on the laboratory version, where visual feedback of the hand was restricted. It is also possible that the differences we observed between the lab and tablet versions simply reflect differences between groups of participants. Importantly, the adjustments made on the lab version were not significantly different from the adjustments made on the tablet, suggesting good agreement between the two equipment types. The patterns of performance reported here demonstrate that the tablet version of the doublestep task does a similar job at assessing adjustments to visuomotor perturbations as the laboratorybased version.
The interception task
The interception task measured how well participants were able to intercept targets that moved at different velocities and with or without acceleration. Previous research suggests that healthy participants can intercept targets moving horizontally at constant velocity well, even when targets are moving quickly. However, performance drops notably when the target accelerates (even when viewing time is controlled), as participants continue to predict constant velocity of target Our analysis revealed that our participants' interception performance was highly influenced by target velocity and acceleration, with the participants intercepting fewer targets and arriving at the interception zone increasingly later than the target as velocity increased and with acceleration present. As expected, hit rates decreased and timing error shifted substantially at all target velocities when acceleration was added to target movement. 17, 18, 34, 36 Importantly, this pattern of results was observed across equipment types supporting the notion that both versions measure similar aspects of motion perception and visuomotor performance.
Although this general pattern was the same across equipment types, overall, performance was not as good on the tablet as on the lab version: the participants intercepted fewer targets and were consistently later on the tablet than in the lab. This was observed even though target viewing time was preserved across equipment types (see Table 1 ). These findings suggest that adjusting to quickly moving targets was more challenging on the tablet than in the lab. This may be due to the obvious differences in screen size. In the lab version, the target moves from peripheral vision into central vision, but because the tablet is smaller, the target spends less time in peripheral vision. Peripheral vision is coded primarily by rods that innervate the M-ganglion cells that synapse onto the magnocellular layers of the lateral geniculate nucleus. M-ganglion cells and their magnocellular targets are more sensitive to low-frequency spatial information, high-frequency temporal information and to visual motion stimuli. 51, 52 In other words, the neural apparatus designed to detect early motion signals fires preferentially to motion stimuli in the periphery, which might lend some advantage to the lab version of the interception task. Perhaps because the tablet is smaller than the laboratory apparatus, the participants had a harder time responding to target motion because there is less of the display in their peripheral visual field, equating to later responses and less targets successfully intercepted.
Despite these differences, the overall pattern of response in the face of varying speed and acceleration was similar on both equipment types, suggesting that our tablet application is assessing the participants' visuomotor function in the same way as the laboratory task is. Our correlational analysis corroborated this view, as the participants' performance on the lab version was significantly positively correlated with their own performance on the tablet version. Interestingly, these correlations were stronger in the more difficult acceleration condition.
The stop-signal task
The stop-signal task measured the participants' ability to interrupt a previously cued movement. 24 Previous research shows that as the delay between the signal to initiate the movement and the signal to stop the movement increases, the participants find it increasingly difficult to interrupt their responses. 24, 41 We found this same pattern on both the tablet and the lab versions of the task. There were small differences between the two equipment types, as the participants were significantly less successful at interrupting an action at the longest delay on lab version of the task than on the tablet version. This difference may be due to differences in the method of responding on each equipment type. On the tablet, the participants responded by lifting their finger from a virtual start button on screen and making a small movement to touch the left or right side of the screen. By contrast, on the lab version, the participants responded by pressing a keyboard button on which their fingers rested. It is easier to press a button with one finger than it is to lift the entire hand to a new location, and it may be more difficult to interrupt the easier, shorter movement.
Despite this difference, the overall pattern of performance over the differing delay durations was similar on both equipment types, suggesting that our tablet and lab applications are assessing the participants' inhibitory function in the same way. Our correlational analysis showed that the participants' performance on the lab version was significantly positively correlated with their own performance on the tablet version in the most difficult (SOA ¼ 200 ms) condition.
Conclusion
The general findings from these experiments indicate that our tablet versions measure visuomotor function in the same way as do typical laboratory versions of the same tasks. The differences between equipment types observed in our study do not obscure the expected pattern of performance, indicating the potential usefulness of tablet versions of the tasks. One area in which this application may be useful is in the field of concussion assessment, as individuals who have sustained a concussion show impairments to visuomotor performance. 9 ,10 Indeed, research shows that visuomotor performance is more sensitive to disruption than other cognitive tasks, showing significant performance deficits even after neuropsychological testing returns to normal. The availability of this tool may mean that this crucial assessment can be done without bringing the patient into the laboratory. This is important, as healthy visuomotor function is fundamental not only to sport performance but also to everyday function.
